Abstract: Kathmandu Upatyaka Khanepani Limited (KUKL) has planned to harness water from outside the valley from Melamchi as an inter-basin project to supply water inside the ring road (core valley area) of the Kathmandu Valley (KV). The project, called the "Melamchi Water Supply Project (MWSP)", is expected to have its first phase completed by the end of September 2018 and its second phase completed by the end of 2023 to supply 170 MLD (million liters a day) through the first phase and an additional 340 MLD through the second phase. The area has recently faced a severe water deficit and KUKL's existing infrastructure has had a limited capability, supplying only 19% of the water that is demanded in its service areas during the dry season and 31% during the wet season. In this context, this study aims to assess the temporal trends and spatial distribution of household water security index (WSI), defined as a ratio of supply to demand for domestic water use for basic human water requirements (50 L per capita per day (lpcd)) and economic growth (135 lpcd) as demand in preand post-MWSP scenarios. For this purpose, data on water demand and supply with infrastructure were used to map the spatial distribution of WSI and per capita water supply using ArcMap. Results show a severe water insecurity condition in the year 2017 in all KUKL service areas (SAs), which is likely to improve after completion of the MWSP. It is likely that recent distribution network and strategies may lead to inequality in water distribution within the SAs. This can possibly be addressed by expanding existing distribution networks and redistributing potable water, which can serve an additional 1.21 million people in the area. Service providers may have to develop strategies to strengthen a set of measures including improving water supply infrastructures, optimizing water loss, harnessing additional water from hills, and managing water within and outside the KUKL SAs in the long run to cover the entire KV.
Introduction
Fresh water is a key resource for human health, prosperity, and biodiversity. Water is likely to be a constraint on economic growth. The cost of global water insecurity is estimated to be $500 billion annually and is likely to be a drag on the world economy by 1% or more of gross domestic product (GDP) [1] . The United Nations (UN) general assembly has set the global agenda to achieve universal Water 2018, 10, 224; doi:10.3390/w10020224
www.mdpi.com/journal/water and equitable access to safe and affordable drinking water for all by the year 2030 as one of its sustainable development goals (SDG) for the water sector. To achieve and measure those targets, water security has emerged as a prominent issue among water and development communities globally. The concept of water security is complex [2] because it incorporates different dimensions. It needs to consider local, regional, and national perspectives of holistic water management and must balance resources protection with resource uses associated with health, education, energy, and food security. Water security (and its reverse, water insecurity) at any level, whether from a household perspective or a global one, is about more than just sustainable access to adequate quantities and an acceptable quality of water for people and economic activities at an affordable cost to lead clean, healthy, and productive lives [2] . It is also about healthy aquatic ecosystems and protection against water-related disasters in a climates of peace and political stability [3, 4] . Security is an imbalance between supply and demand that varies with local conditions [5] . Translating water security into numerical terms helps clarify the concept and reduce ambiguity. Therefore, several indicator-based water security-related indices have been developed to quantify water insecurity or security [6, 7] . Different researchers have defined components of water security differently and have included: basic needs, agricultural production, environmental flows, risk management, and independence [6] ; household, economic, urban, environmental, and resilience to water-related disaster [8] . Other indicators and indices that are used for similar purposes include the basic human need index [9] , the water stress index [10] , the watershed sustainability index [11] , the water supply index [12] , the water security status indicator [13] , and the water poverty index [14] . The details of several water security indicators and their dimensions are listed by [15] .
A national-level analysis of water security by the Asian Development Bank (ADB) in 2016 shows that South Asia had the lowest overall water security index in 2014 in the Asia-Pacific region [3] . Nepal positions itself 43rd out of 48 Asian and Pacific countries and fourth among six South Asian countries with a national water security (NWS) index of 2 out of 5. For the five dimensions of water security considered in the ADB (2016) study, out of a possible score of 20, Nepal got 5.3 for households, 11.3 for the economy, 6 .0 for urban, 10.7 for the environment, and 4.0 for resilience. This reflects water insecurity in all aspects. Hence, to achieve water security and enhance/sustain economic development, investment in water infrastructure and institutions in developing member countries is crucial [3] .
While focusing on the security of potable water for a household, it is crucial to satisfy needs for household water, sanitation, and hygiene. Various international organizations like the World Bank (WB) and the World Health Organization (WHO) have recommended 50 L per capita per day (lpcd) as the basic water requirement for drinking, sanitation and hygiene, cooking, and bathing [9, 16] . Higher water requirements were proposed by different organizations and researchers for the economical use of water for domestic and industrial needs, such as 274 lpcd [17, 18] or 135 lpcd [19, 20] . The government of Nepal aims to provide 135 lpcd of domestic water to the residents of Kathmandu Valley by the year 2025 [21] after the completion of MWSP.
To achieve the sustainable development goal (SDG) target for the water sector, the government of Nepal (GoN) is investing in several water-related infrastructure developments across the country. The development of infrastructure and institutions is overcoming urban water insecurity in large cities [22] . One of the largest projects in the water sector since the year 2000 has been an inter-basin water transfer project called Melamchi Water Supply Project (MWSP), which aims to bring water to the Kathmandu Valley (KV) from water sources outside the valley. MWSP plans to supply 510 million liters a day (MLD) of water in two phases: 170 MLD in the first phase by the year 2018, and an additional 340 MLD in the second phase by the year 2023. Whether or not this mega project can contribute to achieving the SDG target in Nepal remains to be seen.
In this context, the main purpose of this study is to assess water security in the KV in different stages of MWSP implementation through considering the basic human need of 50 lpcd and the planned water supply of 135 lpcd. This research has used a ratio of water supply to demand as an indicator of water security. Based on the evaluation of water security statuses, recommendations will be made for long-term solutions in order to supply adequate water and reduce the deficit between water demand and supply in different time periods.
Materials and Methods

Study Area
The Kathmandu Valley (KV) is a watershed area of 664 km 2 and is bowl-shaped, consisting of three districts: Kathmandu, Bhaktpur, and Lalitpur. Kathmandu Upatyaka Khanepani Limited (KUKL) is the agency responsible for supplying most of the potable water in the KV. KUKL covers 45% of the total valley area and serves 71% of the valley's population [23] , with potable water and the rest of the demand met through private groundwater pumping wells, water tankers from vendors, dug wells, and water bottle industries. KUKL plans to supply an additional 510 MLD water through two phases (170 MLD in the first phase and an additional 340 MLD in the second phase) of MWSP by constructing 10 new reservoirs. KUKL plans to supply Melamachi water inside the ring road (the major road in Figure 1b ) through 10 new reservoirs (under construction and to be completed in the first phase of MWSP), and the rest of the area will be served by existing KUKL reservoirs, as shown in Figure 1a ,b and the name of services area, area served by each reservoirs before and after the MWSP is tabulated in Table 1 . The new reservoirs will supply water at a low capacity after completion of the first phase of MWSP and at full capacity after completion of the second phase. The water quality of all the rivers in the surrounding hills is still good. Water quality deteriorates gradually as it flows down towards the urbanized area in the valley. All of KV is categorized as zone I (a natural conservation zone) and has good water quality. Similarly, zone II (a rural zone) is moderately polluted, zone III (a peri-urban zone) is critically polluted, zone IV (an urban zone) is extremely polluted, and zone V (a downstream zone) is extremely polluted [24] . Such zones are based on the Saprobic approach (biologically determined water quality classes). In addition to this, physico-chemical parameters of water such as temperature, dissolved oxygen, pH, electrical conductivity, and biochemical oxygen demand were also considered [24] . KUKL is tapping stream and spring sources in the natural conservation zone (the red boundary line in Figure 1a ) and supplying fresh potable water to existing reservoirs. This means that the rest of the zones are not suitable for potable water supply. . New reservoir service areas will get water from MWSP and existing reservoirs will get water from the existing network.
Methodology
The main focus of this study is to evaluate the spatial distribution of the water security situation from the state of today's distribution to the implementation of different phases of MWSP. For this, population from the census, the population projection rate, water demand, and water supply in various service areas (SAs) were estimated. Based on the water security index, household water security was mapped in ArcMap 10.3. The overall methodology adopted and data used are described and presented in Table 2 Figure 1. Study area showing (a) conservation zone for freshwater, KUKL's existing sources and service areas, and hydro meteorological stations, (b) planned water supply service areas after Melamchi Water Supply Project (MWSP). New reservoir service areas will get water from MWSP and existing reservoirs will get water from the existing network. [23] . Agricultural land in the KV decreased from 62% to 42% from 1984 to 2000 [25] . If this trend continues, by 2025 there will be no agricultural fields left, since recently most agricultural land has been converted into built-up areas [25] . Such rapid urbanization may have exacerbated the decline by increasing impermeable surfaces in the valley's groundwater recharge areas [26] . KUKL is supplying only 115 MLD during the wet season and 69 MLD during the dry season based on data from 2015 [27] . The deficit (255 MLD in the wet season and 301 MLD in the dry season) of water demand and supply is assumed to be met through privately dug wells, tube wells, water tankers from vendors (both spring and groundwater), stone spouts, rainwater harvesting, and water bottle industries. A recent study [28] estimated that the deficit will further increase to reach 322 MLD by 2021, and groundwater recharge will also decrease with increasing runoff [29] , contributing to water insecurity in KV. A short-term solution to address the deficit could be harvesting an additional 67 MLD in the dry season and 87 MLD in the wet season from the hills surrounding the valley [30] .
The main focus of this study is to evaluate the spatial distribution of the water security situation from the state of today's distribution to the implementation of different phases of MWSP. For this, population from the census, the population projection rate, water demand, and water supply in various service areas (SAs) were estimated. Based on the water security index, household water security was mapped in ArcMap 10.3. The overall methodology adopted and data used are described and presented in Table 2 and Figure 2 . . New reservoir service areas will get water from MWSP and existing reservoirs will get water from the existing network.
The main focus of this study is to evaluate the spatial distribution of the water security situation from the state of today's distribution to the implementation of different phases of MWSP. For this, population from the census, the population projection rate, water demand, and water supply in various service areas (SAs) were estimated. Based on the water security index, household water security was mapped in ArcMap 10.3. The overall methodology adopted and data used are described and presented in Table 2 and Figure 2 . 
Estimation of Potable Water Demand and Supply
The existing and planned water supply data for each SA were taken from the KUKL/MWSP reports. Water demand is the potable water demand for each service area, considering per capita demand as 135 lpcd for basic as well as economic growth and 50 lpcd for basic human water requirements. The population for the year 2017 (current), 2018 (after the first phase of MWSP), 2024 (after the second phase of MWSP), and 2030 (future, i.e., post-MWSP or SDG target year) were estimated for each SA based on the population projection rate published by the Center Bureau of Statistics (CBS) [31] , using the 2011 population [32] as the base data. The population projection rate was only available at a district level. Hence, to make it more relevant to ward and village development committee (VDCs) levels, the incremental rate of population from 2001 [33] and 2011 [32] census data was calculated. That rate, based on growth between 2001 and 2011, is known as the old growth rate and was converted into the new growth rate at ward or VDCs levels using Equation (1) .
The new growth rate at ward or VDC level (NGR) is estimated as
where NGR is the new growth rate, OGR is the old growth rate, the subscript i represents ward level for municipalities and VDCs, and j is the corresponding district (Kathmandu, Lalitpur, and Bhaktapur). OGR i and OGR j are the growth rates calculated from the population census data from 2001 and 2011. NGR j is obtained from projected growth rates for corresponding districts. The ward is the smallest unit of political boundary and VDC/municipalities are formed by combining several wards depending upon the size. The service area is the area served by one or more reservoirs, which may consist of different wards of different VDC/municipalities. SAs are the area defined by KUKL for their service delivery purpose based on their branch office. The ward and VDC level annual population beyond 2011 was projected based on exponential growth formula as follows as estimated by [28] :
where P t is the population at time t, P 0 is the population at time t 0 , r is the new growth rate (NGR) calculated from Equation (1), t is the time in years (number of periods), and e is exponential.
After knowing the population for each SA for different time periods (2016, 2018, 2024 and 2030) , water demand is calculated as follows: Demand (D) is estimated considering population and per capita water demand as:
For basic human water requirement = Population × 50 lpcd For economic growth = Population × 135 lpcd Supply (S) is taken from the KUKL report for 2016; for other years those data were taken from the Melamchi Water Supply Project Implementation Directorate (MWSPID) and the Kathmandu Valley Water Supply Management Board (KVWSMB).
Estimation of Household Water Security Index (WSI)
Water supply per capita is calculated as the ratio of total water supplied to the total population in each SA for the corresponding year. Similarly, the household water security index (WSI) is calculated only considering the quantity aspect for both criteria (135 lpcd and 50 lpcd demand), assuming KUKL will provide good quality of water as follows: WSI = (Amount of water supply, S)/(Potable water demand, D).
Re-Allocation of Available Freshwater for Equitable Distribution
In 2030, an additional 510 MLD water is expected to be added to the KUKL's existing system. KUKL has planned to supply this water mostly inside the ring road. The outside area is planned to be served by existing old networks. There could be inequality in the distribution of water, which may lead to conflict in terms of water quantity and quality within the SAs. There is a possibility of getting good-quality water from new reservoirs and new distribution networks compared to the existing infrastructure. Hence, this study attempts to reallocate the water from surplus SAs to deficit SAs. For equitable distribution of water, the redistribution proposed in this study is based on the following criteria: distance from reservoirs, availability of pipe networks, administrative boundaries, and ensuring 135 lpcd of water availability in each service area. For this, the surplus/deficit amount of water was quantified, assuming that there was 135 lpcd demand and supply capacity for each reservoir. The population that can be served by this surplus amount of available water was estimated. The administrative boundaries (without MWSP water) near the new reservoir were identified and maps were prepared based on the ward population for year 2030.
Results and Discussion
Estimation of Population and Adopted Annual Growth Rate
In this study, 2011 population data from the census were taken as the base and the population for future periods was projected based on the projection rate estimated by CBS. Results show a higher population density inside the ring road and along the major road network (Figure 3a) . The percentage annual growth rate adopted for this study is as shown in Figure 3b ; the higher value in the periphery of the ring road, where physical infrastructures like road, hospital, and schoolwere already developed and free land space is available for residence.
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Distribution of Water Supply within KUKL Service Areas: Now and after MWSP (Phase I)
KUKL has planned to serve the KV through existing as well as new service reservoirs, as shown in Figure 1 . In 2017, all service areas had limited water supply through existing reservoirs; only SA B-5, 6, 7, and 10 met the basic human water requirements. None of the SAs met the water required for economic growth. After the first phase of MWSP in 2018, the water supply situation is expected to improve significantly within the inner part of the ring road as this area will be served with water from new reservoirs (the red dots in Figure 1b ) through an improved distribution network. After the first phase of MWSP, all SAs could meet the basic human water requirement and only SAs B-5 and B-6 could meet the required water for economic growth. This shows that even after 170 MLD additional water after the completion of the first phase of MWSP, most SAs will still face water scarcity.
Distribution of Water Supply within KUKL Service Areas: After MWSP (Phase II) and Post-MWSP
After the second phase of MWSP in 2024, the water supply situation in the area served by new reservoirs is expected to improve significantly and reach 317 lpcd, whereas the area served by existing reservoirs is expected to deteriorate further to 52 lpcd. The reason behind this is the high demand: the population growth rate is expected to be higher outside the ring road area, where most SAs are served by existing reservoir. In addition, rather than supply increasing, a decrease in supply is expected because of the deterioration of old pipe networks.
From Figures 4 and 5 , it is clear that there is some inequity in water distribution in service areas, which may lead to social conflict among users. From Figures 4 and 5 , it is clear that those SAs served by new reservoirs are getting more than 135 lpcd water and those SAs served by existing reservoirs are getting less than 135 lpcd water. Hence, water must be redistributed to deficit service areas served by existing reservoirs from surplus service areas.
Water 2017, 9, x FOR PEER REVIEW 7 of 12
Distribution of Water Supply within KUKL Service Areas: Now and after MWSP (Phase I)
Distribution of Water Supply within KUKL Service Areas: After MWSP (Phase II) and Post-MWSP
From Figures 4 and 5 , it is clear that there is some inequity in water distribution in service areas, which may lead to social conflict among users. From Figures 4 and 5 , it is clear that those SAs served by new reservoirs are getting more than 135 lpcd water and those SAs served by existing reservoirs are getting less than 135 lpcd water. Hence, water must be redistributed to deficit service areas served by existing reservoirs from surplus service areas. 
Evaluation of Household Water Security Index (WSI)
Water security at a household level was estimated for both basic human water requirements and economic growth using Equation (3) considering 50 lpcd and 135 lpcd as per capita demand, respectively.
For 2017
The demand for economic growth is not fully satisfied for all the service areas, whereas, it was nearly sufficient to meet the basic human water requirement for SAs B-5, 6, 7, and 10. This shows that the WSI for 50 lpcd demand is greater than 0.7 in all SAs except B-2, 3, and 9, as presented in Figure 5a . Similarly, for 135 lpcd demand, WSI is less than 0.5 in all the SAs, as presented in Figure 5b . This shows that water supply from KUKL is not sufficient to meet basic or economic growth requirements in almost all SAs.
For 2018
After the first phase of MWSP, the water security situation for all SAs will significantly improve and the WSI will be greater than 1.0 in all the SAs except B-4 for 50 lpcd demand, as presented in Figure 5c . However, water is not sufficient to meet the demands of economic growth, which is clearly shown by the WSI less than 1.0 in all the SAs, as presented in Figure 5d .
For 2024
After the second phase of MWSP, all the SAs are served with both new and old reservoirs and will have a water security index greater than 1.0 for 50 lpcd demand and nearly equal to 1.0 in SAs B-2, 3, and 4, as presented in Figure 5e 
For 2030
In the future, all the SAs served with new reservoirs will have a water security index greater than 1.0 for basic human requirements (50 lpcd), as presented in Figure 5g . However, the SAs served by existing reservoir have a WSI around 0.7, except B-6, for 50 lpcd demand. Similarly, for 135 lpcd demand, all the SAs served by new reservoirs have a WSI greater than 1.0. SAs served by existing reservoirs have around 0.3 for all except B-6, as presented in Figure 5h .
The results from the four cases show that there is a general water deficit situation in the SAs served by existing reservoirs, likely to be improved after completion of MWSP. It is also clear that there could be inequality in water distribution within the service areas. Service areas inside the ring road have a WSI greater than 1.0 and outside the ring road they have less than 1.0. Hence, there is a possibility of the reallocation of available water by expanding the SAs served by new reservoirs for equitable distribution of potable water within KUKL SA.
Redistribution of Water Supply for Equitable Distribution
The per capita water supplied in the SAs served by new reservoirs is comparatively higher than the existing reservoirs in 2030. The possible water redistribution is shown by a different color than the original serviced area (light blue), as shown in Figure 6 . After redistributing water from surplus to deficit reservoirs out of the existing reservoir SAs, it is seen that 90% of water harnessed for SA B-3 can be used for an expansion of SA in no-service areas (white area in Figure 6 ). Similarly, the water available in SA B-5 can also be used for SA expansion. Redistributing available water in new reservoirs in the way shown in Figure 6 can serve an additional 1.21 million people in the periphery of current improved distribution networks. Redistribution is done with existing available resources and MWSP water. The additional water available from hills and existing networks' surplus water from SA B-3 and B-5 can be used for expanding the KUKL's existing SAs with good-quality water for the entire KV. In addition to this, water loss from the KUKL system needs to be reduced to minimize the non-revenue water loss. Sometimes the poor management of physical infrastructure is not suitable to satisfy users, which leads to water insecurity. Water loss is a phenomenon frequently observed within water distribution networks [34] . Low pressure throughout the network does not satisfy the demand of users, but on the other hand excessive pressure causes water loss. To solve this problem, we can insert special hydraulic machines, pumps at turbines, throttle control valves, and pressure reduction valves [35, 36] .
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Conclusions
This study analyzed the water security situation using a water demand/supply-based indicator for different future time periods corresponding to MWSP phases. From the results, it can be concluded that the water security situation is likely to improve gradually and meet all the water demands within KUKL SAs. However, the current strategy for water distribution will lead to unequal distribution, will not have sufficient water to cover the entire valley, and may result in social conflict. As a solution, it is suggested to redistribute freshwater from the reservoirs by expanding KUKL's existing distribution network improvement area, as in Figure 6 . This can help water supply services reach an additional 1.21 million people in the valley.
In addition to this, water left over in the natural conservation zone can be quantified after deducting the existing use from that area using a surface hydrological model in the future. Hydrological modeling can provide ideas on how much, where, and at what time additional water can be supplied to the KUKL system by developing small-scale water supply schemes.
As the ultimate goal of KUKL is to supply potable water to all residents within the entire KV, it is an appropriate time for KUKL to start preparing an inventory of community-based and other agencysupplied water infrastructures outside the existing SA (the white area in Figure 6 ). Those infrastructures can later be integrated with the KUKL system for the proper management of freshwater supply systems throughout the valley. 
As the ultimate goal of KUKL is to supply potable water to all residents within the entire KV, it is an appropriate time for KUKL to start preparing an inventory of community-based and other agency-supplied water infrastructures outside the existing SA (the white area in Figure 6 ). Those infrastructures can later be integrated with the KUKL system for the proper management of freshwater supply systems throughout the valley.
This research is mainly based on the CBS 2011 population data as well as the projection rate estimated by CBS (2014), assuming 135 lpcd and 50 lpcd demand, which can be improved by identifying actual water use pattern in SAs of KV. In addition to this, the service area and supply capacity can be changed over time, which can be included in future studies.
